We investigated the early and late changes of the Golgi region under the influence of the fungal metabolite brefeldin A (BW) by electron microscopy and lectin cytochemistry using the p-galactose-specific lectin from the beetle Allomyrina dichotoma ( N o A). In control cells, Allo-A reactions were confiied to trans-Golgi elements, the tm-Golgi network, and to endosomes and lysosomes; the nuclear envelope and endoplasmic reticulum were consistently free of AUo A reactions. Our fmdings with cells from three different h e s (i.e., H e p G hepatoma cells, WU8 fibroblasts, and L132 embryonic lung cells) showed tubular-reticular transformations of the Golgi stacks as early as 30 sec after application of BE4.
Introduction
The fungal metabolite brefeldin A (BFA) exhibits unique effects on the cellular biosynthetic pathways: it impedes transport from the endoplasmic reticulum (ER) to the Golgi apparatus and induces a rapid dissociation of the Golgi apparatus and a redistribution of Golgi molecules back to the ER (1-3,5,10,11,15,17-19,22 , 24,39,41,44,46,49; for review see 16,31). The uptake into the ER of Golgi constituents includes endogenous as well as itinerant Golgi molecules; under the influence of BFA, the ER substitutes for at least some of the Golgi functions. In the light of presumable cecycling routes between the ER and the Golgi apparatus, a BFA-induced fusion of Golgi membranes with a pre-Golgi salvage compartment has been suggested (17). Recent studies have shown that BFA, in addition to the ER-Golgi routes, affects the tsans-Golgi network ( E N ) , endocytic compartments, and lysosomes as well (4,1420, 33,36,47,48). The BFA-induced disappearance of the Golgi apparatus as an individual entity is preceded by the loss of p-COP ( b o a t protein), which is part of the cytoplasmically oriented coat of nonclathrin-coated vesicles probably involved in ER-to-Golgi and intra-Golgi transport (6-8,18,25,50); this event appears to be pivotal for the disassembly of the Golgi stacks. As revealed by immunofluorescence studies, b-COP dissociates from the Golgi membranes into the cytoplasm as early as 30 sec after application of BFA (6). Similarly, coat proteins associated with clathrin-coated vesicles (e.g., y-adaptin) that bud from the E N (34) and a 200 KD peripheral Golgi membrane protein (23) redistribute within 1-2 min after application of BFA. At this early stage, the Golgi apparatus appears unaltered by light microscopy.
In this study, we present the results of an electron microscopic investigation of the Golgi region at different intervals after onset of BFA treatment, including the very early stages (i.e., 30 sec and 1, 2, and 3 min). Three different cell lines were investigated: HepGz hepatoma cells, W138 fibroblasts, and L132 embryonic lung cells. We were particularly interested in whether morphological Golgi changes would be visible as early as 30 sec to 1 min, which is the time when P-COP and other peripheral Golgi membrane proteins dissociate from the Golgi membranes. We found that this was the case: we first observed tubular-reticular transformations of the Golgi stacks 30 sec after BFA application. The successive dissociation of the Golgi apparatus was accompanied by the appearance of extremely long tubules (giant tubules) and of conspicuous glomerular structures (glomerulini). We further characterized the BFA-induced organelles by using the P-galactose-specific lectin from the beetle Alfomyrina dichotoma (43), which we recently introduced for cytochemical purposes (28) . The AIIO A reactions confirmed that the very early tubular-reticular Golgi transformations start at the cis side and later affect cis-and trans-Golgi elements. In most cells the Golgi apparatus disappeared as an individual entity within a few minutes, and reactions for (3-galactose occurred in the ER. Both giant tubules and glomerulini became partly AIIO A reactive.
Some of the results of this study were recently presented in abstract form (27) .
Materials and Methods
Materials. BFA was purchased from Epicentre Technologies (Madison, WI) and was stored as a stock solution of 5 mg/ml in ethanol at -20'C. Horseradish peroxidase conjugates of Allo A (Allo A-HRP) and lactose were obtained from E-Y Laboratories (San Mateo, CA). Minimal essential medium (MEM), fetal calf serum, MEM non-essential amino acids solution, penicillin, and streptomycin were from Gibco (Grand Island, NY). Paraformaldehyde, glutaraldehyde (electron microscopy grade), and dimethylsulfoxide (DMSO) were purchased from Merck (Darmstadt, Germany), bovine serum albumin (BSA) from Behring (Behringwerke; Marburg, Germany), and diaminobenzidine (DAB) from Serva (Heidelberg, Germany).
Cells. Three different human cell lines were used: HepG2 hepatoma cells, WI38 fibroblasts, and L132 embryonic lung cells. All three lines were from the American Type Culture Collection (Rockville, MD). The cells were grown in MEM supplemented with 10% fetal calf serum at 37'C in 5% C02; in addition, the medium contained non-essential amino acids, 100 U/ml penicillin, and 100 pg/ml streptomycin.
BFA Experiments and Electron Microscopy. Cells were plated onto 12mm glass coverslips 24-30 hr before use (60-70% confluency). BFA was added to the culture medium at a final concentration of 10 pg/ml. After the appropriate periods of treatment (i.e., 30 sec, 1, 2, 4, 5, 10, 30, 60, and 120 min) the cells were fived in a mixture of 4% formaldehyde (freshly prepared from paraformaldehyde) and 0.5% glutaraldehyde for 30 min at 4°C. After an overnight rinse in 0.1 M sodium cacodylate buffer, the specimens were post-fixed in 1% veronal acetate-buffered Os04 for 2 hr, dehydrated in a graded series of ethanol, and embedded in Epon. Ultra-thin sections were stained in alcoholic uranyl acetate and alkaline lead citrate and examined at 60 kV in a Philips 400 electron microscope. Lectin Cytochemistry. Fixation was performed in 4% formaldehyde1 0.5% glutaraldehyde as described above. Afterwards, the specimens were rinsed in 0.1 M sodium cacodylate containing 10% DMSO for 1-2 days. The lectin cytochemical preparations followed the pre-embedment protocols described previously for a number of different lectins (29, 30) . Briefly, lectin incubation was performed in a 2 0 0 4 drop of PBS containing AIIO A-HRP at a final concentration of 150 pg/ml, as well as 0.1 mglml saponin and 1 mglml BSA. The cells were incubated for 6 hr at room temperature. The specificity of the reactions was tested by adding 0.1 M lactose to the incubation media 30 min before the AIIO A incubations. Incubation in DAB for visualization of the lectin-binding reactions was done after an overnight rinse in PBS. The incubation media contained 0.5 mg/ml DAB and 20 pglml 1% H202 in 0.05 M Tris-HC1 buffer, pH 7.6. The cells were in-cubated for 30 min at room temperature. After several rinses in doubledistilled water, the specimens were post-fixed in 1% osmium ferrocyanide for 30 min, followed by 1% veronal acetate-buffered Os04 for 8 hr at 4"C, dehydrated in ethanol, and embedded in Epon. Thin sections were examined unstained.
Results

Controls
Morphology. In all three cell types the Golgi stacks exhibited a clear cis-trans-differentiated image (Figure la) . The Golgi apparatus appeared most compact in the WI38 fibroblasts, where it regularly occupied an extended juxtanuclear area. HepGz and L132 cells showed rather inconspicuous Golgi stacks that were dispersed in the perinuclear cytoplasm. The morphology of the ER-Golgi junction, as demonstrated in Figure 1 , reflects the complex transport, sorting, and modification systems located therein (for review see 9, 12, 21, 26, 35) . Discrete tubular-reticular structures at the cis side of the stacks possibly correspond to a pre-Golgi salvage compartment (32, 37, 38, 45) . At the trans side, cisternae, tubules, and vesicles were located at some distance from the stacks constituting the TGN (13) . Some of the vesicles at both sides of the stacks, as well as tubules and vesicles budding from the rims of the cisternae, exhibited a dense coat at their cytoplasmic faces ( Figure la) .
Lectin Cytochemistry. The reactions for the P-galactose-specific AIIO A were concentrated in trans cisternae and the trans-Golgi network in the cells of all three lines ( Figure Ib) . Rarely, medial cisternae showed slight reactions as well. In addition, Golgi-associated vesicles, tubules, lysosomes, and plasma membrane exhibited AIIO A staining, whereas the nuclear envelope and ER were consistently devoid of label. Control specimens incubated in the presence of lactose did not show intracellular reactions.
Brefeldin Treatment
The BFA-induced cell changes were essentially the same in all three lines.
Brefeldin A 30-60 sec: Tubular-Reticular Transformation of Golgi Stacks. At this early stage the Golgi stacks showed tubularreticular transformations that started at the cis side. Figure 2a is representative of these early changes: The trans cisternae appeared unchanged, whereas the cis side was characterized by a network of tubules with homogeneous dense contents; the limiting membranes appeared thinner and less compact as compared with those at the unchanged Golgi elements. Frequently, the BFA-induced tubular reticulum already occupied extended cytoplasmic areas after 30-60 sec of treatment (Figures 2b and 2c ). Coats at the cytoplasmic surfaces of membranes were hardly visible in the Golgi area of BFA-treated cells. The early BFA-induced tubular reticulum mostly lacked AIIO A reactions (Figure 2b ).
Brefeldin A 2 4 Min: Tubular-Reticular Transformation of the Golgi Stacks and Golgi Dissociation. Within 2-4 min, most of the Golgi stacks proceeded to transform. The transformations increasingly included trans-Golgi cisternae and the E N . Tubularreticular structures predominated and were frequently found in con- tinuity with fenestrated cisternae, either reactive or unreactive for Allo A (Figure 3) . With increasing frequency, we found a close relationship between the tubular-reticular Golgi formations and the cisternae of the ER (Figure 4 ). Rough ER cisternae surrounded the tubular reticulum ( Figure 4d ); tubular protuberances emerged from ER cisternae and were closely associated with the BFA-induced tubular reticulum (Figures 4a and 4b ). Hence, there was a dual relationship of the BFA-induced tubular-reticular Golgi formations. First, they appeared at the &Golgi side, initially being continuous with fenestrated Golgi cisternae. Second, they showed a close relationship to the ER. More and more, the reticular Golgi formations tended to round up; they became glomerulus-like ( Figure 4b ) and then strongly resembled the structures frequently found in the later stages of BFA treatment as well (glomerulini, see below).
With the tubular-reticular transformation of Golgi elements the Golgi apparatus disappeared as an individual organelle.
Giant Tubules. In parallel with the tubular-reticular transformation and fragmentation of the Golgi stacks, extremely long tubules appeared (Figures 4c and Sa-%) . On the one hand, they were closely related to and appeared to emerge from the transforming Golgi stacks and from the TGN (Figure 5a ); on the other hand, they expanded out of the Golgi region and traversed the cytoplasm over spans of several micrometers (Figures 5b and 5c ). Along their course the tubules appeared to be interrupted at several points, and here accumulations of small vesicles and tubules were found (Figure 5c ). Giant tubules were partly Allo A reactive (Figures 5a  and 5b ) and partly non-reactive ( Figure 4c ). Frequently, they exhibited reactions not over their entire length but confined to limited regions (Figure 5c ). most cells was dissociated. Tubular-reticular formations closely related to the ER predominated in the Golgi region, and giant tubules traversed the cytoplasm. The latter were most numerous at this early stage.
Redistribution to the ER of ALo A Reactions. In most cells of the HepG2 and L132 lines and in severai cells of the W138 fibroblasts, the initial signs of a Golgi-to-ER redistribution became visible at 5 min of BFA treatment. The first AIIO A reactions observed in the ER were discrete and confined to limited regions ( Figure  6a ). At 10 min after BFA application, intense reactions for AIIO A were apparent in the entire ER, including the nuclear envelope; the staining patterns resembled those obtained at 30 min and later (Figure 6b ). Our results showed that complete dissociation of the Golgi apparatus was not a prerequisite for a Golgi-to-ER redistribution of the AIIO A reactions.
Brefeldin A 30, 60, and 120 Min: Redistribution to the ER of All0 A Reactions and Glomerulini. In most cells of all three lines, the entire ER was intensely reactive for Allo A. Golgi stacks were no longer apparent; glomemlini were predominant (Figure 7) . The latter resembled the early reticular formations found in associa- tion with the transforming Golgi stacks; however, at these later times they were more compact and showed a glomerular organization. At 30 min, most of the glomerulini were unreactive for Allo A, except for limited parts at the periphery (Figures 7b and 7c) . At 60 and 120 min, the reactive segments increased and more glomerulini became entirely labeled with Allo A. At 120 min, Allo A-nega-tive and Allo A-reactive glomerulini were found side by side (Figure 7c) .
To summarize, in the later stages the ultrastructural image of BFA-treated cells was dominated by dilated Allo A-positive ER cisternae and glomerulini. The number of giant tubules appeared reduced as compared with the earlier stages of BFA treatment.
Discussion
Giant Tubules and Glomerulini
The present study shows initial transformations of the Golgi apparatus as early as 30 sec after onset of treatment with BFA; giant Giant tubules and glomerulini were the most conspicuous BFAinduced organelles.
tubules and glomerulini were the predominant BFA-induced organelles, appearing simultaneously with the rapid dissociation of the Golgi stacks. For further characterization of the BFA-induced cell changes, we used the p-galactose-specific lectin from the beetle Allomjrina dichotoma. In the cell types investigated here, AIIO A reactions were particularly concentrated in the trans-Golgi elements and the E N , in Golgi-associated vesicles, in lysosomes, and at the plasma membrane. The nuclear envelope and ER cisternae constantly lacked AIIO A reaction products. This shows that, in the control cells studied, the ER does not contain glycoconjugates bearing complex glycans with p-galactosyl residues and that galactose becomes inserted at the level of the Golgi apparatus. The AIIO A reactions permit a differentiation between cis and trans subsections of the Golgi stacks.
Ear4 Golgi Transformations
The first BFA-induced changes were tubular-reticular transformations at the cis side of the Golgi stacks; the extensive tubular-reticulum already apparent at 30-60 sec after application of BFA was mostly unreactive for AIIO A. The Golgi transformations proceeded rapidly, and within a few minutes included the entire stacks. The electron microscopic images of the Golgi apparatus at these early stages of treatment indicate that the BFA-induced tubular reticulum is formed from Golgi cisternae. Frequently, membrane continuities with fenestrated cisternae, either A110 A stained or unreactive, were observed.
The early Golgi changes shown here coincide with the redistribution from the Golgi apparatus to the cytoplasm of coat proteins associated with non-clathrin-and clathrin-coated vesicles (634). This is in line with our observations concerning the membranes of the transforming Golgi stacks, which barely show coats at their cytoplasmic surfaces and appear thinner and less electron dense as compared with those of the unchanged Golgi stacks.
Allo A Reactions: Redirtribution to the ER
The occurrence of Allo A reactions in cisternae of the ER is in agreement with recent reports on the redistribution of various endogenous as well as itinerant Golgi molecules to the ER (e. g., 5,10,11,  17,19,22,39,42 ). Since reactions for P-galactose in the control cells were never observed in the ER, the ER-located AIIO A reactions indicate that under the influence of BFA glycoconjugates with complex-type glycans become transferred back from the Golgi apparatus to the ER or are newly synthesized in the ER. Possibly both retrograde Golgi-to-ER transport and a new synthesis of complex glycans are involved. The latter requires the presence in the ER of the respective transferases. This has been recently demonstrated: a Golgi-to-ER redistribution of various glycan-moddying enzymes, including galactosyltransferase, takes place under the influence of BFA (17,19,39,40) .
The appearance of ER-located AIIO A reactions coincides with the Golgi transformations; however, our studies showed that a complete dissociation of the Golgi apparatus is not a prerequisite for the occurrence of P-galactose in the ER. L Giant Tubules. Giant tubules appeared simultaneously with the changes in the Golgi stacks and were continuous with transforming Golgi cisternae. They were most numerous after 5-10 min of BFA treatment. Giant tubules observed electron microscopically in the present study probably correspond to the tubular structures and necklace-like Golgi extensions seen in various other BFA-treated cells by immunofluorescence ( 1 7~9 ) .
Extremely long tubules and necklace-like structures have been found to contain Golgi molecules that become redistributed to the ER (e.g., Golgi mannosidase I1 and galactosyltransferase) and have been suggested as representing tracks for the respective molecules (19) . However, BFAinduced tubule formation is not confined to the ER-Golgi junction, but also affects E N , endosomes, and lysosomes. BFA treatment results in a tubular transformation of the TGN and fusion of the TGN with early endosomes (20,47). Hence, the giant tubules shown in this study may include both tubular transformations of Golgi cisternae, possibly transporting Golgi molecules back to the ER, as well as tubular TGN transformations, possibly fusing with early endosomes. In both cases, it is conceivable that they are reactive for the P-galactose-specific AIIO A, which in controls shows intense reactions in trans-Golgi cisternae and the E N . In our studies we frequently found unreactive giant tubules as well, mostly associated with AIIO A-negative tubular-reticular Golgi transformations. This indicates that giant tubules are not uniform but build up a ddferentiated system that may form individual uansport tracks for certain Golgi molecules.
Although several findings indicate that giant tubules function as Golgi-to-ER transport tracks, the individual steps remain unclear. We have no indications for membrane continuity of giant tubules with the ER. Giant tubules dominated during the early periods of BFA treatment; they became rare or disappeared at later times. Disruptions along their course frequently observed in the electron microscope suggest that vesiculation might take place.
Glomerulini. Glomerulini were the predominant BFA-induced structures at the later stages of treatment (i.e., 30, 60, and 120 min). At these times, a Golgi apparatus was no longer apparent. Our studies at different times after BFA application provide a bulk of evidence for a relationship of the early tubular-reticular Golgi transformations and the glomerulini; the more compact glomerulini predominating at the later stages of BFA-treatment appeared, at least in part, to derive from the early tubular-reticular Golgi transformations. The latter were mostly A110 A negative; however, continuities of the early tubular-reticular formations with A110 A-positive Golgi elements andlor TGN were apparent. These connections could provide tracks for Golgi molecules exported out of trans-Golgi and/or TGN into cis and possibly pre-Golgi elements. At the later stages, Golgi stacks were no longer visible, but A110 A reactions of the glomerulini could correspond to materials derived from the trans-Golgi apparatus and/or E N . Hence, at least for some of the glomerulini the E N could be a source. In addition to their Golgi relationship, the glomerulini appeared to be particularly closely associated with the ER. Owing to their dual relationship with the transforming Golgi apparatus on the one hand and with the ER on the other, glomerulini appeared as links between these two com-partments. Finger-like protuberances of the ER became integrated into glomerulini. The respective ER regions were reminiscent of transitional elements, and the images obtained support the idea that in the glomerulini transport vesicles and tubules become accumulated. With increasing time of BFA treatment, more glomeruh i became AIIO A reactive. This indicates that glomerulini cannot be viewed as remnants of organelles or as accumulations of materials "out of function," but rather as dynamic structures involved in actual transport functions.
In summary, our studies show that tubular-reticular transformations of the Golgi apparatus occur as early as 30 sec after administration of BFA, and therefore coincide with the dissociation from the Golgi of p-COP and other membrane proteins (6,34). Giant tubules and glomerulini are the most conspicuous BFAinduced organelles. Both are closely related to the transforming Golgi apparatus and E N . Their morphological and cytochemical characteristics suggest that glomerulini and giant tubules are involved in the circulation of molecules between the transforming Golgi apparatus and the pre-and post-Golgi compartments. Glomerulini appear as bipolar structures forming a link between the ER and the dissociating Golgi stacks and E N .
